The effect of multifaceted lifestyle interventions on clinically oriented outcomes across a spectrum of metabolic risk factors and abnormal glucose is unclear.
T ype 2 diabetes is a major cause of illness and death. Diabetes was the seventh-leading cause of death in the United States in 2007 (1) , and cardiovascular disease (CVD) accounted for more than 65% of all diabetic deaths (2) . Diabetes is also the leading cause of new cases of kidney failure, lower extremity amputations, and blindness not related to injury among adults (1) .
Prediabetes, defined by the American Diabetes Association as impaired fasting glucose or impaired glucose tolerance, is considered a relatively high-risk state for diabetes (3) . A combination of risk factors collectively known as the metabolic syndrome has also shown moderate predictive value in identifying persons at increased risk for diabetes (4, 5) . Both prediabetes and the metabolic syndrome have been associated with increased risk for vascular disease (6, 7) . Known modifiable risk factors for type 2 diabetes include obesity (8) and physical inactivity (9). Current guidelines recommend lifestyle changes for both prevention and management of type 2 diabetes (10).
Many systematic reviews have reported a benefit with exercise and dietary interventions in diabetes prevention (11-15). However, we are not aware of any reviews that assessed the effect of multifaceted lifestyle interventions on clinically oriented outcomes across a spectrum of metabolic risk factors and abnormal glucose.
The objective of this systematic review was to assess the effects of comprehensive lifestyle interventions in the prevention of diabetes in adults who have been identified as having increased risk for type 2 diabetes (for example, those with the metabolic syndrome or prediabetes) and the prevention of diabetic complications (such as microvascular and macrovascular outcomes) in adults diagnosed with type 2 diabetes.
Cochrane Central Register of Controlled Trials, CINAHL, EMBASE, and SCOPUS from 1980 to March 2010. Searches were updated in MEDLINE and the Cochrane Central Register of Controlled Trials in July 2012 and June 2013. Search filters for randomized, controlled trials (RCTs) and English-language studies were applied. We also hand-searched clinical trial registries and reference lists of relevant studies and reviews.
Study Selection
Two reviewers independently screened titles and abstracts using broad inclusion criteria. The full text of potentially relevant studies was assessed independently by 2 reviewers using a standardized form. Disagreements were resolved by consensus or third-party adjudication.
Randomized, controlled trials were included if they involved adults (Ն18 years) who were diagnosed with type 2 diabetes or had risk factors suggesting increased risk for it. Our operational definition for patients at risk for diabetes included the metabolic syndrome, prediabetes, insulin resistance, impaired fasting glucose, impaired glucose tolerance, syndrome X, dysmetabolic syndrome X, and the Reaven syndrome. For simplicity, we refer to these patients as "high-risk patients." The lifestyle intervention had to include an exercise component, a diet component, and at least 1 other component (such as counseling, smoking cessation, and behavior modification). The comparison could be usual care, diet or exercise components alone, or a wait list. A priori, the duration of the intervention was at least 3 months with a minimum 6-month follow-up. We made a post hoc modification also to include RCTs in which the duration of the intervention was at least 1 year even if there was no follow-up. The primary outcomes were progression to type 2 diabetes in patients at risk or development of macrovascular and microvascular complications (such as death, cardiovascular outcomes, nephropathy, retinopathy, or neuropathy) in those with type 2 diabetes. Secondary outcomes included surrogate markers for the development of vascular complications, including body composition, metabolic variables (such as fasting plasma glucose, hemoglobin A 1c , and lipid levels), blood pressure, physical activity, and dietary or nutrient intake.
Data Extraction and Quality Assessment
One reviewer extracted data using a standardized form, and a second reviewer verified data for accuracy and completeness. Discrepancies were resolved through consensus or in consultation with a third party. We extracted study and patient characteristics, inclusion and exclusion criteria, interventions, and outcomes.
Two reviewers independently assessed the methodological quality of studies using the Cochrane Collaboration Risk-of-Bias tool (16). Discrepancies were resolved through consensus or third-party adjudication. The source of funding was recorded for all studies (17).
One reviewer graded the strength of evidence using the Agency for Healthcare Research and Quality Evidencebased Practice Center approach (18). Four domains were examined: risk of bias, consistency, directness, and precision. We assigned an overall strength of evidence grade of high, moderate, low, or insufficient. When only 1 study was available for an outcome, we rated the strength of evidence as insufficient.
Data Synthesis and Analysis
We described the results of studies qualitatively and in evidence tables. We did meta-analyses using a DerSimonian-Laird random-effects model (19) when the populations, interventions, time points, and outcomes were sufficiently similar. Statistical heterogeneity was quantified using the I 2 statistic (20). We calculated mean differences or standardized mean differences for continuous outcomes and risk ratios (RRs) for dichotomous outcomes. If no event was reported in 1 treatment group, a correction factor of 0.5 was added to each cell of the 2 ϫ 2 table to obtain estimates of the RR. We reported all results with 95% CIs and used Review Manager, version 5.0 (The Cochrane Collaboration, Copenhagen, Denmark), to do meta-analyses.
Role of the Funding Source
The Agency for Healthcare Research and Quality suggested the initial questions and approved copyright assertion for this article but did not participate in the literature search, data analysis, or interpretation of the results.
RESULTS
The literature search identified 1289 citations. Twenty unique studies in 58 publications were included (Figure 1) . Nine studies addressed patients at increased risk for type 2 diabetes; 11 studies addressed patients diagnosed with type 2 diabetes. A list of excluded studies and reasons for exclusion is available from the authors.
Description of Included Studies
Many included trials were associated with several publications that either expanded on the main results, reported secondary outcomes that were not included in the primary report, or reported different follow-up time points. The publication that was the first to report outcome data was considered the primary study. Relevant baseline and outcome data were taken from the primary publication and supplemented with data from the associated publications. Even if reported data were from a follow-up study, the primary article is cited. See The comparison group received various interventions, including usual care by a family physician (21, 27), educational materials or advice on diet or exercise (22-26), waitlist controls (28), food diaries (23), and annual diabetes education sessions (29).
Three trials (22, 26, 28) were assessed as having high risk of bias, and 6 (21, 23-25, 27, 29) had unclear risk of bias. Most had inadequate allocation concealment. All but 1 study (24) had high or unclear risk of bias for lack of blinding for subjective or self-reported outcomes (such as hours of exercise per week). Two studies (22, 28) received funding from industry.
Patients With Diabetes
The interventions ranged from 6 to 48 months with follow-up between 6 and 93 months for 5 trials (30 -34) ( Table 3 of the Supplement). Six trials (35-40) had interventions that lasted 1 year but had no follow-up after intervention. For all 11 trials, the number of participants ranged from 72 to 5145 (median, 200 [IQR, 149 to 280]). The mean ages were between 53.0 and 62.4 years.
All studies included diet and exercise components plus at least 1 additional component (Appendix Table 3 , available at www.annals.org). Five studies used both group and individual counseling (31, 32, 35, 37, 38), 3 incorporated only group counseling (30, 34, 39), and 2 had only individual counseling (33, 36). Other components included a smoking cessation course (30), regular telephone contact (32, 33), individual goal setting (34 -36, 38), regular blood glucose and blood pressure monitoring (38), and stress management (34, 38). In 1 study (34), participants went on a 3-day nonresidential retreat at the beginning of the intervention. In another study (39), physicians were responsible for motivating the participants. Four studies had medication as one of the intervention components if treat- Two trials (35, 37) were assessed as having high risk of bias; 9 (30 -34, 36, 38 -40) were assessed as unclear. Most individual domains had low risk of bias; however, all studies had unclear or high risk of bias for blinding of subjective or self-reported outcomes. Two studies stated that outcome assessors were blinded to treatment allocation (30, 31). Two studies received funding from industry (31, 33).
Efficacy

High-Risk Patients
The findings are summarized in Appendix A 20-year follow-up study from the Da Qing Diabetes Prevention Trial (24, 42) reported that lifestyle interventions had no benefit in severe nephropathy or neuropathy, although incidence of severe retinopathy (defined as a history of photocoagulation, blindness, or proliferative retinopathy) was 47% lower. Severe retinopathy occurred in 31 participants (9.2%) in the intervention group and 17 (16.2%) in the control group. The 20-year follow-up data had limitations, including the number of patients lost to follow-up and the fact that many patients diagnosed with severe retinopathy did not have formal retinal examinations (42). Overall, the strength of evidence for benefit of lifestyle interventions on retinopathy is insufficient.
Seven studies (21-24, 26, 27, 29) reported the development of type 2 diabetes from the end of intervention up to 10 years after it (Figure 2) . At the end of intervention, there was an important difference in favor of the lifestyle intervention (RR, 0.35 [CI, 0.14 to 0.85]). The difference was maintained at up to 10 years of follow-up (Figure 2) Most studies reported positive effects for secondary outcomes, including changes in body composition, metabolic variables, physical activity, and dietary intake (Appendix Table 4 ). The results were not always statistically or clinically significant or sustained after the end of the active intervention.
Patients With Diabetes
The results are summarized in Appendix Table 5 (available at www.annals.org). Two trials, Steno-2 and Look AHEAD (Action for Health in Diabetes) (30, 31, 47), reported on macrovascular outcomes, and both included pharmacotherapy as an adjunct to the lifestyle interventions. For all-cause mortality, the pooled results showed no difference between the intervention and control groups at more than 10 years of follow-up (RR, 0.75 [CI, 0.53 to 1.06]) (Figure 3) . The strength of evidence was low for this outcome.
Both trials reported on a composite outcome of CVD events; however, the makeup of the outcomes was different, and we did not pool the results. The Look AHEAD trial (31, 47) found no difference between groups for their primary outcomes, which included death due to cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke, and hospitalization for angina (RR, 0.96 [CI, 0.85 to 1.09]). However, Steno-2 (30) found a difference (RR, 0.51 [CI, 0.36 to 0.74]) for their outcomes, which included death due to cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke, coronary artery bypass grafting, percutaneous coronary intervention or revascularization for peripheral atherosclerotic arterial disease, and amputation due to ischemia.
Steno-2 (30) reported a reduction in the development of nephropathy, retinopathy, and progression of autonomic neuropathy in favor of the lifestyle intervention. No difference was seen in the progression of peripheral neuropathy.
Although many studies reported positive effects for lifestyle interventions on secondary outcomes, the results were not always statistically significant, and clinical significance remains unclear. In addition, the improvements in secondary outcomes were generally not sustained beyond the end of the active intervention (Appendix Table 5 ). The strength of evidence was low for improvement in BMI and weight at the end of the interventions. Increased physical activity levels were sustained at all time points up to 10 years after the intervention (standardized mean difference, 0.17 [CI, 0.11 to 0.22]; I 2 ϭ 0%) in favor of the lifestyle intervention, and the strength of evidence was low. Strength of evidence was also low for reduced energy and saturated fatty acid intake during the interventions. Energy intake was not reduced beyond the intervention period.
Reduction in saturated fatty acid intake was maintained up to 7 to 8 years after the intervention in 2 trials (30, 34).
In light of the known benefit of pharmacologic treatment on surrogate markers, such as blood pressure, lipid levels, and hemoglobin A 1c levels, and glucose control, we did a sensitivity analysis of the effect of comprehensive lifestyle interventions with and without medication (Appendix Table 5 ). There was no improvement in any metabolic outcomes for interventions that did not include pharmacotherapy. Improvement was noted in high-density 
DISCUSSION
We conducted a comprehensive systematic review of clinical trials that assessed the effect of a multifaceted lifestyle intervention on patient-centered outcomes, such as progression to type 2 diabetes for high-risk patients and microvascular and macrovascular outcomes, including CVD for patients with type 2 diabetes. Four trials that included high-risk patients and 2 trials that included patients with diabetes reported on patient-important outcomes. The remaining 15 studies reported on secondary or surrogate outcomes. The risk of bias was high or unclear for this body of evidence. The strength of evidence was often insufficient for all outcomes because of the small number of studies and sample sizes.
Moderate Because diabetes is associated with comorbid conditions (49, 50), it is encouraging that lifestyle interventions seem to have a positive effect on prevention. Our findings are consistent with those of other reviews that have reported substantial benefit of lifestyle interventions in the prevention of type 2 diabetes (51, 52).
Two trials reported on cardiovascular outcomes in high-risk patients, but neither found benefit with lifestyle interventions. This is consistent with the Look AHEAD trial that involved patients with type 2 diabetes, although it contrasts with the smaller Steno-2 trial.
Recent observational studies have questioned whether high-risk patients are actually at increased risk for CVD compared with the general population. The Australian Diabetes, Obesity, and Lifestyle Study reported increased risk for CVD death in those with prediabetes (53). One systematic review of observational studies found a modest increased risk for stroke (54).
The Diabetes Prevention Program Outcomes Study (46), which involves long-term follow-up of patients in the Diabetes Prevention Program, has reported plans for further follow-up in 2014. This may shed light on whether prevention or delay of diabetes is associated with a delay in development of diabetic complications.
Similar to the results for patients with type 2 diabetes, lifestyle interventions resulted in an important decrease in body weight or BMI in high-risk patients. However, in contrast to the findings in patients with type 2 diabetes, this effect persisted for up to 4 years beyond the intervention period. This must be interpreted with caution because only 1 trial reported BMI at 4 years and only 2 trials assessed weight change. Whether the weight loss is easier to maintain in persons who have not yet progressed to diabetes is unclear. Previous research has found that patients with diabetes have poor weight-loss maintenance after an intervention compared with their counterparts without diabetes (55). If this were the case, it would underscore the importance of identifying persons at risk for diabetes and intervening early.
There is low-strength evidence about the benefit of lifestyle intervention in prevention of all-cause mortality and insufficient-strength evidence about CVD and microvascular outcomes in adults with diabetes. Two studies reported on macrovascular outcomes. Look AHEAD, the largest included trial to date, with 5145 participants, was stopped early after a futility analysis (47). In contrast, Steno-2 reported long-term clinical benefit of lifestyle interventions. Both trials used pharmacotherapy as an adjunct to lifestyle interventions. Steno-2 used intensive tar- ). Look AHEAD left management of medications to the patient's physician, although they used orlistat in some patients. Long-term trials assessing the effect of orlistat on death and illness are lacking (59). Event rates between the 2 trials differed greatly.
At 13-year follow-up, there was a 50% mortality rate for patients in the control group of Steno-2 compared with an 8% mortality rate for those in the control group of Look AHEAD at 10 years. The choice of pharmacotherapy in Steno-2 or inclusion of patients who were inherently more ill may have contributed to the benefit seen on clinical outcomes. Of interest, Steno-2 found that despite evidence of long-term clinical benefit, changes in behaviors or surrogate markers for CVD were not maintained over the long term. Trials in type 1 diabetes have shown that early intensive treatment results have an extended benefit in delaying the progression of diabetic outcomes beyond the intervention (60, 61). The mechanism by which benefit occurs despite normalization of behaviors and surrogate markers is unclear.
Limitations of this review include low-or insufficientstrength evidence for most outcomes across the various interventions. These low grades were driven by high or unclear risk of bias within individual studies (largely due to inability to blind patients in the treatment group), lack of direct evidence for patient-important outcomes, and lack of consistency and precision among studies.
There was considerable heterogeneity about dietary and lifestyle interventions. In particular, the third component of the intervention was quite variable, limiting our ability to comment on which additional interventions would be beneficial. Current literature has demonstrated that pharmacotherapy, exercise, and dietary changes have a positive effect on glycemic control and other diabetic indices (62, 63). Although growing evidence shows an additive effect when several risk factors are addressed together (64), we cannot conclusively say that comprehensive lifestyle interventions are better than diet and exercise alone.
Few trials provided data for clinically important outcomes, focusing on surrogate measures for which the clinical relevance is unclear. A further possible limitation includes the group of patients that we identified as being at increased risk for diabetes. This is a controversial area, with various definitions and diagnostic cut points having been proposed over the past few years (65).
Finally, we included only RCTs in this review. A systematic review of cohort studies may provide data on the effect of different lifestyle interventions over several years to assess the long-term sustainability and comparative effectiveness of these interventions.
Comprehensive lifestyle interventions that include exercise, dietary changes, and at least 1 other component are effective in decreasing the incidence of type 2 diabetes in high-risk patients, and the benefit extends beyond the active intervention phase. In patients who have already been diagnosed with type 2 diabetes, the evidence for benefit of comprehensive lifestyle interventions on patient-oriented outcomes is less clear. There is no evidence of benefit in all-cause mortality and insufficient evidence to suggest benefit on cardiovascular and microvascular outcomes. Improvement was seen for some secondary outcomes, but it generally did not persist beyond the intervention phase, and the clinical significance is unclear.
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